Abstract The paper reports the decomposition of saccharides derivatives in comparison to commercial substances during the process of binder removal from ceramic samples. The saccharides derivatives are polymers synthesized from glucose and fructose with acryloyl group in the sugar molecule. The synthesized compounds played the role of binder in the shaping of ceramic powders by gelcasting method. The method belongs to colloidal processes and allows to produce ceramic elements of complicated geometry. As ceramic powder Al 2 O 3 was used. The thermal analysis have been done on apparatus coupled with mass spectrometer. MS analysis showed what types of gasses are released to the atmosphere during the thermal decomposition of polymers. The obtained results showed important differences in decomposition of polymers obtained from commercial acrylamide, 2-hydroxyethyl acrylate and N,N 0 -methylenebisacrylamide in comparison to synthesized glucose and fructose derivatives. The measurements allowed to establish the sintering program of the green ceramic samples and evaluate whether harmful NO x gases are released to the atmosphere.
Introduction
Advanced ceramic materials are used in variety industries, especially in optoelectronics, metallurgy, medicine, and space industry due to their high thermal resistance, hardness and other unique properties. The key stages in the fabrication of ceramics are shaping of powders and sintering. There are many shaping techniques in ceramic technology but most of them have important disadvantages such as nonhomogeneity of powder compacts, size and geometry limit of produced element, use of high pressure, long binder burnout and high costs. In order to overcome these limitations some novel shaping technologies have been recently developed on the basis of colloidal processing of ceramic powders, for example gelcasting [1] [2] [3] , monomer based sol-gel, electrophoretic deposition [4, 5] or direct coagulation casting [6, 7] . Gelcasting allows obtaining high-quality, complex-shaped ceramic elements by means of an in situ polymerization, through which a macromolecular network is created to hold ceramic particles together (Fig. 1) . Gelcasting requires effectively working processing agents like deflocculants and organic monomers which can insure advantageous microstructure, good mechanical properties of green bodies and facilitate the processing route.
The processing agents used in gelcasting, especially organic monomers should be low-toxic and follow the recent ''green chemistry'' trend. The less toxic and the less harmful for the environment they are, the more attractive they are to apply. One of the first water-soluble monomers used in gelcasting was acrylamide. It insures good mechanical properties of obtained elements, nevertheless it is classified as strong neurotoxin and probably carcinogenic substance [8] . Second, it contains a nitrogen atom in a molecule, so during binder decomposition nitrogen oxides are released into the atmosphere what is harmful for the environment.
Later on researchers began to use substances which do not contain the nitrogen atom in the molecule such as 2-hydroxyethyl acrylate [9] . It should be also mentioned that both acrylamide and 2-hydroxyethyl acrylate have to be used together with so called cross-linking agent (e.g. N,N 0 -methylenebisacrylamide) which allows to form cross-linked polymeric networks instead of linear chains [10, 11] .
The use of saccharides in the ceramic technology for considerable scale seems to be a new trend, but it has already been intensively developed by many researchers [12] [13] [14] . Mono-and disaccharides, as processing agents, have many advantages in comparison to commercially available acrylic monomers. They are non-toxic, watersoluble, inexpensive and renewable substances. Moreover, derivatives of monosaccharides can be used as organic monomers in gelcasting process, they can be easily removed from samples during binder decomposition process and they have the positive influence on mechanical strength of green bodies [15] .
In order to overcome mentioned limitations low-toxic monomers based on saccharides were synthesized by authors and applied in gelcasting. The synthesis of these compounds have been elaborated by authors and described elsewhere as well as the properties of obtained ceramic parts [15] [16] [17] . Saccharides have many hydroxyl groups in a molecule; thereby the cross-linked polymer network can be created by forming hydrogen bonds between polymeric chains. As a result the use of external cross-linking agent as in the case of acrylamide is not necessary and the amount of organic additives needed in the suspension is reduced, thus the whole process becomes less expensive.
The polymer plays the role of binder in ceramic green body that is why it must be removed from the element to achieve fully densified, polycrystalline ceramic body [18] . The polymer is removed by its thermal decomposition during debinding process. The selection of appropriate heating program is significant in obtaining nonporous samples [19] . During polymer removal too fast heating rate (e.g. over 5°C/min) can result in obtaining porous structure due to accumulation of gases in a sample. The best tool which allows to determine the thermal decomposition of organic substances in ceramic samples and the proper heating program seems to be DTA/TG measurements [20] . The important information from thermal analysis is the temperature at which decomposition of organics ends. The heating program of ceramic green bodies is then so matched that the slower heating rate is till the end temperature of decomposition. Next the heating rate can be increased. Nevertheless, the heating rate till the final temperature of sintering has also the important influence on the properties of sintered elements [21, 22] . What is more, the coupling of DTA apparatus with mass spectrometer allows observing types of gases released to the atmosphere during decomposition of polymers. Similarly, during thermal decomposition of any other substances with the use of coupled mass spectrometer it was possible to examine gaseous products [23] [24] [25] . This is the very important issue concerning the rules of ''green chemistry.''
The paper reports the decomposition of monosaccharides derivatives such as 3-O-acryloyl-D-glucose and 1-Oacryloyl-D-fructose in comparison to commercial substances commonly used in gelcasting (acrylamide and 2-hydroxyethyl acrylate) during the process of binder removal from ceramic samples. The samples were composed of alumina powder with selected monomers and obtained by gelcasting shaping technique. The mentioned monosaccharides derivatives have been chosen due to their positive influence on the properties of both ceramic suspensions and green bodies, as described elsewhere [15] . DTA/TG/MS analysis allows to recognize decomposition products of glucose and fructose derivatives which is important concerning practical application of these monomers and environmental issues.
Materials and experimental procedure
The research has been carried out on alumina powder aAl 2 O 3 Nabalox 713-10 (Nabaltec, Germany) of mean particle size D 50 = 0.70 lm and selected organic monomers which played the role of binder in the gelcasting shaping process. As mentioned before, two monomers were + initiator of polymerization
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Monomer Polymer Fig. 1 Alumina aqueous suspensions containing 50 vol% (80 wt%) of ceramic powder were prepared in redistilled water in planetary ball mill Retsch PM 100 for 90 min with a speed 300 rpm. The supporting substances which allowed to achieve a stable ceramic suspension and conduct in situ polymerization are described below. The mixture of diammonium hydrogen citrate (POCh Poland, puriss) and citric acid (Sigma-Aldrich, C99.5 %) were used as dispersants in the amount of 0.25 wt% with respect to (wrt) the amount of alumina powder. N,N,N 0 ,N 0 -tetramethylethylenediamine (Fluka, [98 %) played the role of activator (0.03 wt% wrt alumina powder) and ammonium persulfate (Aldrich, C98 %) was the initiator of polymerization (0.05 wt% wrt alumina powder). In the typical gelcasting process conducted by authors the amount of monomer added to the ceramic suspension was 3 wt% wrt ceramic powder. This amount of powder insures enough high mechanical strength of green bodies. In this research the amount of only one monomer 1-O-acryloyl-D-fructose was 3 wt% to present the results for a typical slurry composition. The rest binders were used in the amount of 20 wt% wrt ceramic powder to precisely examine the type of gases released during thermal decomposition of polymers. Due to the fact that the amount of specimen taken to the measurement was about 0.2 g and it came from ceramic green body which volume was 20 cm 3 , it is necessary to increase the amount of organics in ceramic matrix. Otherwise in 0.2 g of sample taken to analysis the amount of organics could be insufficient.
In the case of the monomer 2-hydroxyethyl acrylate, additionally N,N 0 -methylenebisacrylamide (Sigma-Aldrich, 99 %) was used as external cross-linking agent (Fig. 2e) . The cross-linking agent is a typical substance used together with acrylic monomers such as acrylamide and 2-hydroxyethyl acrylate in the gelcasting to provide high mechanical strength of obtained ceramic green bodies. In this research 2-hydroxyethyl acrylate and N,N 0 -methylenebisacrylamide were used together in the amount of 10 wt% wrt alumina powder each, which results in 20 wt% of organics in the sample, just as for 3-O-acryloyl-D-glucose and acrylamide. The prepared ceramic suspensions were then cast into identical plastic molds. The slurries with applied monomers were able to gelate at room temperature. After thick gelled bodies were obtained, specimens were unmolded and dried for 24 h at 35°C. Then thermal analysis of ceramic green bodies was performed.
DTA/TG measurements were carried out by using Netzsch STA 449C coupled with Quadrupole Mass Spectrometer Netzsch QMS 403C. The heating rate was 5°C/min, the final temperature was 1,000°C. The measurements were performed in the constant flow of two gases: argon-10 ml/ min (protective gas) and synthetic air (75:25 N 2 :O 2 )-40 ml/min. The sintering process of ceramic samples obtained by gel casting was then conducted in Carbolite furnace in air. The heating programs have been chosen after thermal analysis as described in ''Results and discussion''.
Results and discussion
The obtained results gave two types of information. The TG/DTA measurements showed the characteristics of polymers decomposition and allowed to evaluate the suitable heating program for sintering of green ceramic samples. MS analysis showed what types of gasses are released to the atmosphere during this thermal decomposition of polymers. These information are essential when environmental aspects are taken into account. Table 1 summarizes the mass-to-charge ratio m/z for gases analyzed during the research. Value 100 % corresponds to the main m/z value characteristic for a certain compound in the mass spectrum. The rest of the numbers show intensities of other characteristic peaks in the mass spectrum related to the main peak. For example two peaks of argon occur in the mass spectrum, the first one of m/z value 40 and the second one of m/z value 20 which has five times lower intensity than peak 40. The values in Table 1 comes from the database available in the mass spectrometer Netzsch QMS 403C.
The gases Ar, O 2 and N 2 were measuring gases which, as had been mentioned before, flew through the apparatus during the entire measurement. They were registered by MS which showed the signals at m/z values 14, 16, 20, 28, 32, and 40. The course of these lines is presented in Fig. 3 , which shows DTA/TG curves for samples prepared from Table 1 this fact affects what type of gases released during analysis can be identified, taking into account the atmosphere of measurement. In these research, the selected atmosphere was air, because ceramics from Al 2 O 3 is mostly sintered in air.
According to Fig. 3 , the TG/DTG curves indicate that the process of thermal decomposition of polymer formed from 1-O-acryloyl-D-fructose finished at ca. 520°C, therefore the next results of DTA/MS measurements are shown in Fig. 4 Figure 4 shows DTA/TG curves and signals from coupled mass spectrometer MS for sample prepared by gelcasting and composed of Al 2 O 3 with 3 wt% of monomer 1-O-acryloyl-D-fructose. The measurement indicates that the total loss of water and decomposition of organic additives occur until ca. 520°C. The total weight loss is 2.5 % according to TG curve, which corresponds to the moisture and polymer content. This value does not match exactly the amount of monomer added to the ceramic suspension; however as explained before, the analysis was performed for a sample of *0.2 g. This means that in this volume of the sample the amount of binder may be lower than 3 wt%. On DTA curve two peaks are visible at temperatures 98 and 158°C which corresponds to the loss of free and bounded water, respectively. According to TG and DTG curves the loss of water ends at ca. 200°C. This is confirmed by the presence of to two curves from MS of m/z values 17 and 18, which are the characteristic MS values for H 2 O. According to the data in Table 1 , the intensity of peak 17 should equal 23 % of the intensity of Table 1 Distinctive relative intensities of m/z values of analyzed gasses according to database available in the mass spectrometer Netzsch QMS 403C peak 18. The intensity of peak 18 at its maximum in 158°C is ca. 1.86Á10 -9 A, while the intensity of peak 17 in the same temperature is ca. 0.38Á10 -9 A, thus the ratio of peaks 17-18 is 20.4 %. Therefore, in order to identify H 2 O in MS spectra, two parallel curves of m/z values 17 and 18 should be present.
On DTA curve one can see also the wide peak with a maximum at 374°C. This peak is connected with two peaks from MS of m/z values 18 and 44. The first one is a broad peak 18 without a clear maximum in the temperature range of 200-425°C. The second peak 44 with a maximum at 367°C corresponds to CO 2 . These peaks are related to the main stage of decomposition of the polymer. In the polymers obtained from analyzed saccharides derivatives the main polymeric chain comes from acryloyl groups which polymerize in situ. Liufu and et.al. [26] showed that polyacrylates generally decompose in one stage. Finally, the fourth peak visible at DTA occurs at 427°C, together with MS peak 44 at the same temperature. According to the literature [27, 28] char residue occurs during thermal decomposition of polysaccharides and other polymers. In these studies char residue is oxidized to CO 2 due to the constant flow of air, which can be ascribed to the presence of peaks at DTA and MS 44 at temperature 427°C.
According to the data presented in Table 1 , the second peak in mass spectrum characteristic for CO 2 is 28 and its intensity equals 11.4 % of the intensity of peak 44. Nevertheless m/z value 28 is also characteristic for N 2 which is the main component of air used in these measurements. The intensity of signal 28 is over 200 times higher than the intensity of signal 44 in its maximum (Fig. 3) . Therefore, it is impossible to observe the changes in m/z curve 28 which comes from CO 2 thus the curve has not been shown in Fig. 4 . The mass spectrometer obviously did not register signal 30 characteristic for NO 2 . Then, the thermal decomposition of polymer from 1-O-acryloyl-D-fructose goes into H 2 O and CO 2 , which is typical for saccharides in oxidizing atmosphere [29] . Figure 5 shows DTA/TG curves and signals from coupled mass spectrometer MS for sample prepared by gelcasting and composed of Al 2 O 3 with 20 wt% of monomer 3-O-acryloyl-D-glucose. In contrary to results presented in Fig. 4 the amount of monomer used in the preparation of this sample was 20 wt% with respect to the amount of alumina powder. Such increased quantity of monomer is not typical for gelcasting shaping technique but in this research it can more precisely show the type of gases released during thermal decomposition of polymer. The measurement indicates that the total loss of water and decomposition of organic additives occur until ca. 650°C. The total weight loss according to TG curve is 23.6 %, which corresponds to the moisture and organics content. According to TG and DTG curves the loss of bounded water ends at 248°C. On DTA curve a wide peak with a plateau in temperature range 449-630°C is related to the decomposition of organics. The mass spectrometer recognized three m/z values: 17, 18, and 44. Values 17 and 18 refer to water, value 44 to carbon dioxide. The first peak maximum for m/z 17 and 18 was found at 199°C and is related to dehydratation process. The second wide peak for m/z 18 in temperature range 250-410°C can be ascribed to decomposition of polymeric rings and oxidation of saccharides molecules. In case of m/z 44 three peak maxima can be identified, the first one at 210°C, the second at 341°C, and the third at 463°C. The first MS 44 peak can be ascribed to the oxidation of glucose molecules, the second and the third to the decomposition of polymer and oxidation of char residues. The mass spectrometer did not register any other signals which could come from harmful gases.
The direct comparison between the two polymers from 3-O-acryloyl-D-glucose and 1-O-acryloyl-D-fructose would be unprecise, because the amount of polymer in both samples was different. Nevertheless some common features were observed. First of all mass spectrometer in both cases identified only three m/z values: 17, 18, and 44. Second, two main processes occur during decomposition of organics: dehydratation and oxidation reactions of polymeric segments. The differences in the course of DTA and MS curves for both polymers could be caused by differences in molecular structure of monomers. Shen et.al [27] showed that different polysaccharides require different amount of energy for the depolymerisation and the cracking of their monomers, which results in the different position of DTA peaks and TG mass loss stages. Figure 6 shows DTA/TG curves and signals from coupled mass spectrometer MS for sample prepared by gelcasting and composed of Al 2 O 3 with 20 wt% of polymer formed from acrylamide. Acrylamide is a commercial monomer commonly applied in shaping of ceramic powders by gelcasting [30] [31] [32] . Similarly to previously described polymers, two main steps of the process can be distinguished; dehydration of bounded water and decomposition of organic substances. Due to TG/DTA curves dehydration ends at 202°C, then the process of decomposition of polyacrylamide begins and it ends at 650°C. The total mass loss is 22. content of polymer and moisture in the sample. The DTA curve shows small peak with the maximum at 215°C and broad peak with the maximum at 584°C. (Fig. 6a ). This is due to the chemical structure of acrylamide (Fig. 1c) which has one nitrogen atom and three carbon atoms in the molecule, therefore during decomposition more CO 2 is formed than NO 2 . The MS curve for m/z 30 has a maximum at 384°C, which can be related to decomposition of amide groups, the next peak in temperature range 460-648°C, together with mentioned m/z 44 peak with a maximum at 558°C can be related to oxidation of NO and char residue. Figure 7 shows DTA/TG curves and signals from coupled mass spectrometer MS for sample prepared by gelcasting and composed of Al 2 O 3 with 10 wt% of polymer formed from 2-hydroxyethyl acrylate and 10 wt% of crosslinking agent N,N 0 -methylenebisacrylamide. On DTA/TG curves there is a high peak coming from dehydration with the maximum at 188°C and then on DTA curve a broad exothermic peak with 4 maxima related to decomposition of organic compounds. The decomposition process ends at ca. 575°C which corresponds to the total mass loss 19.4 %. However, the main mass loss stage is till 210°C (15.8 %) and matches the m/z 30 wide peak in temperature range 100-224°C. This indicates that the main processes are dehydration, decomposition, and oxidation of NH groups in N,N 0 -methylenebisacrylamide. The MS registered peaks coming from H 2 O (m/z values 17 and 18), CO 2 (m/z value 44) and NO 2 (m/z values 30 and 46). The peak maxima for m/z 18 and 44, together with DTA peak at 352°C indicates that the second stage of organic burnout is decomposition of main polymeric chain, followed by oxidation of NO and char residue.
It must be also mentioned that for all examined specimens the mass spectrometer did not register signals coming from other compounds used in the preparation of samples by the gelcasting method, that is diammonium hydrogen citrate, citric acid, N,N,N 0 ,N 0 -tetramethylethylenediamine, and ammonium persulfate. This is due to the fact that the content of these substances in the ceramic suspensions equals fraction of percent. Therefore they are not present in the measured sample. On the other hand, the intensities of signals corresponding to these eventually occurring gases could be below the measuring capacity of the mass spectrometer. Figure 8a shows the microstructure of Al 2 O 3 green body obtained by gelcasting with the use of monomer 2-hydroxyethyl acrylate. The SEM micrograph shows the polymeric bridges between the alumina particles. The binder connects the ceramic particles and thus allows the mapping of the mold. Then during the sintering process of ceramic green parts the binder must be eliminated so that the polycrystalline material could be formed. The inadequate selection of heating program can cause rapid decomposition of organic substances and thus defects formation in the sintered body.
On the basis of obtained DTA/TG results the heating program for ceramic samples was elaborated. The selection of suitable heating rate in the furnace allows to conduct the processes of thermal decomposition of polymeric binder and sintering of ceramic samples in one stage. The heating program for sample composed of Al 2 O 3 Nabalox and 3 wt% of polymer formed from 1-O-acryloyl-D-fructose was determined as follows:
Heating rate up to 550°C 3°C/min
Heating rate in the range 550-1,600°C 5°C/min
Sintering at 1,600°C 1 h
Cooling rate up to 30°C 5°C/min
The slow increase of temperature in the furnace until 550°C was designed to eliminate formation of any defects in the samples, because gases evolving during polymer decomposition can cause cracks and delamination in the sintered body. The sintered undefected ceramic body obtained with the application of heating rate 3°C/min is presented in Fig. 8c . The second sample was also sintered at 1,600°C but with a heating rate of 5°C/min in the whole temperature range. This higher heating rate caused accumulation of gases evolved during decomposition of polymers, which resulted in the creation of pores in the sample as shown in Fig. 8b . The influence of inadequate selection of heating rate on the properties of sintered ceramic bodies is well known and described in literature [22, 33] . Therefore, it is important to evaluate the optimal sintering program, especially low heating rate below 5°C/min during the process of thermal decomposition of additives. The conducted DTA/TG/MS measurements showed that each of the examined polymers has different characteristics of thermal decomposition, nevertheless the organic part in the ceramic body can be thermally removed until ca. 600°C. This final temperature is different for each polymer, therefore the heating program in the furnace is individually matched for each binder applied in gelcasting.
Conclusions
The conducted research allowed to determine the process of thermal decomposition of organic monomers used in shaping of alumina powder by gelcasting method. The measurements showed differences in stages of thermal decomposition of analyzed substances, nevertheless the most important information for ceramic technology are the terminal temperature of organics decomposition and types of gases released during the process. The DTA/TG measurements allowed to elaborate the appropriate heating program for sintering of ceramic samples, so that the resulting polycrystalline body was without any microstructural defects. In accordance to thermal analysis, decomposition of analyzed binders ends at ca. 600°C but have to be individually examined. Nevertheless, low heating rate of 3°C/min at this first stage of sintering is favorable in ceramic processing. 
